Direct arylation polycondensation reactions using a simple catalytic system gave eight kinds of bithiophene-based alternating copolymers. The conditions for the reactions of 3,3′,4,4′-tetramethylbithiophene with dibromoarylenes were optimized to obtain high-molecular-weight polymers without formation of cross-linked structures.
Introduction
A bithiophene unit is one of the most important components of π-conjugated polymers for optoelectronic materials because it gives good charge mobility to the corresponding polymers 1 and serves as an appropriate donor unit in donor-acceptor polymers with a low bandgap. 2 A considerable number of bithiophene-based polymers have therefore been developed as materials for polymer solar cells (PSCs), 2 organic light-emitting diodes, 3 and organic field-effect transistors (OFETs). 4 In particular, bithiophene-based polymers containing dye structures such as diketopyrrolopyrrole derivatives exhibit high performances in PSCs 5 and OFETs. 6 Although bithiophene-based polymers can be synthesized by chemical or electrochemical oxidation reactions, most bithiophene-based polymers for optoelectronic materials are synthesized by polycondensation via cross-coupling reactions such as the Suzuki-Miyaura and Migita-Kosugi-Stille cross-coupling reactions. 7 Polycondensation via dehydrohalogenative cross-coupling reactions, so-called direct arylation, 8 has recently become widely recognized as a method for synthesizing π-conjugated polymers. [9] [10] [11] [12] [13] [14] [15] We previously reported the direct arylation polycondensation of an alkylated bithiophene with dibromofluorene analogs using a simple catalytic system; the reaction with Pd(OAc) 2 and pivalic acid in a phosphine-free system for 3 h gave the corresponding polymer with a high molecular weight in good yield. 13a Since direct arylation polycondensation does not require prior preparation of organometallic monomers and does not produce stoichiometric amounts of metal-containing wastes, direct arylation polycondensation is expected to be an efficient synthetic method for a variety of functional bithiophene-based conjugated polymers, compared with polycondensation using conventional cross-coupling reactions.
However, this synthetic method is difficult to completely avoid a side reaction at unexpected C-H bonds, which leads to formation of branched or cross-linked structures because all aromatic C-H bonds in a monomer have a potential for direct arylation reactions. [12] [13] [14] Since the number of expected C-H bonds for direct arylation decreases with increasing degree of polymerization, a reaction for too long time causes the overreactions at unexpected C-H bonds. Therefore, appropriate reaction time is needed to be determined in direct arylation polycondensation to avoid overreactions and to obtain high-molecular-weight polymers. We investigated optimization of the reaction conditions, especially in terms of reaction time, for the synthesis of bithiophene-based conjugated polymers. Base on the results, dye-containing polymers were synthesized and evaluated as materials for PSCs.
Results and Discussion
Optimization of Reaction Conditions and Synthesis. In a previous report, the polycondensation reaction of 3,3′,4,4′-tetramethylbithiophene with 2,7-dibromo-9,9-dioctylfluorene for 3 h gave Polymer 1 with a high molecular weight (M n = 31 800) in good yield (91%) 13a (Scheme 1; Table 1 , entry 1) The methyl groups on the bithiophene monomer provided selective direct arylation at its α position. To adapt this method for use with a variety of monomers, including dye-containing monomers, the reaction conditions, especially reaction time, were re-examined. The reaction for synthesis of Polymer 1 in a shorter reaction time was investigated because large amounts of polymeric products were precipitated out from the reaction mixture before the reaction time reached 3 h. Using the same catalytic system, the reaction for 1.5 h gave Polymer 1 with a molecular weight of 32 100 in 93% yield (Table 1, entry 2) .
This result, which was similar to that obtained for a reaction time of 3 h, showed that the polycondensation reaction proceeded to completion in 1.5 h. In contrast to the reaction of 2,7-dibromo-9,9-dioctylfluorene, the polycondensation reaction of 2,7-dibromo-N-octadecylcarbazole for 3 h gave insoluble products as well as the soluble Polymer 2 in low yield ( Figure S1 ). This improved result indicates that direct arylation at the aromatic C-H bonds in the 3,3′,4,4′-tetramethylbithiophene moiety proceeded preferentially over those at the C-H bonds in the carbazole moiety, in the early stage of the reaction, i.e., before 1.5 h. Since the number of aromatic C-H bonds in the 3,3′,4,4′-tetramethylbithiophene moiety decreases with increasing degree of polymerization, the undesirable reactions at C-H bonds in the carbazole moiety occur at relatively high frequencies in the late stage of the polycondensation reaction, resulting in the formation of cross-linked structures.
The reaction time is therefore an important factor in direct arylation polycondensation to avoid overreactions at unexpected C-H bonds. 
Characterization. The characterizations of Polymers 1-4 and Polymer 6
were reported in a previous study. 13a The 1 H NMR spectra of the polymers, synthesized under the modified conditions, were almost identical to the reported spectra (see Supporting Information). The optimization of the reaction conditions provided polymers with higher molecular weights in increased yields without changing the structures. The newly synthesized polymers, Polymer 5, 7, and 8, were characterized using 1 H and 13 C{ 1 H} NMR spectroscopies. Figure 1 shows the 1 H NMR spectrum of Polymer 7. Each signal can be assigned to the repeating unit, and the signal of the terminal units was observed at 6.98 ppm. These results indicate that Polymer 7 has a linear structure without defects such as branched or cross-linked structures.
Characterization of Polymer 7 was also conducted using MALDI-TOF-MS ( Figure S2 ).
The spectrum exhibits peaks corresponding to alternating structures with terminal C-H groups in the 3,3′,4,4′-tetramethylbithiophene moiety and terminal C-Br groups in the diketopyrrolopyrrole moiety. There are no peaks corresponding to a branched structure in the mass spectrum, supporting the proposed linear structure of Polymer 7.
In contrast, the mass spectrum of Polymer 8 exhibits peaks corresponding to a branched structure; this structure may be caused by direct arylation reactions at the C-H bonds in the isoindigo moiety ( Figure S3 ).
Photophysical Properties. Table 2 respectively; these are at longer wavelengths than those of Polymers 7 and 8 (520 and 580 nm), respectively. 17a,18a These observations indicate that the methyl groups on the tetramethylbithiophene induce a twisted structure as a result of their steric hindrance, leading to decreases in the coplanarities and the conjugation lengths of the polymers.
In particular, the difference between the maximum absorption wavelengths of Polymer 8 and IID-DT was significant (121 nm). These results indicate that the impact on the absorption properties of donor-acceptor interactions between the bithiophene unit and the isoindigo unit through π-conjugation is more significant than interactions between the bithiophene and diketopyrrolopyrrole units.
Electrochemical Properties and Photovoltaic Performances.
The electrochemical properties of Polymers 7 and 8 were investigated using cyclic voltammetry ( Figure S4 ). The oxidation-onset potentials of Polymers 7 and 8 were 0.67 V and 0.70 V vs. the ferrocene/ferrocenium couple, respectively. On the basis of these potentials, the highest occupied molecular orbital (HOMO) energy levels of Polymers 7 and 8 were estimated to be −5.47 and −5.50 eV. 17a These values are close to those obtained from photoelectron spectroscopy measurements (Table 3) . Similarly, the lowest unoccupied molecular orbital (LUMO) energy levels were estimated to be Although the power conversion efficiency (PCE) values are lower than those of typical P3HT-based devices, 2 these results are important for the point that direct arylation polycondensation can be used to synthesize materials for PSCs. 14c It is notable that the devices with Polymer 7 or 8 both showed a high open-circuit voltage (V oc ) of 1.01 V.
These high V oc values provably result from the low HOMO levels of Polymers 7 and 8, because the V oc value is known to be proportional to the difference between the energies of the LUMO level of PC61BM and the HOMO level of a p-type polymer. 19 The low short-circuit current density (J sc ) and fill factor may be attributed to the twisted structure of the polymer, which is identified from the absorption properties, as described above, because a twisted structure is unfavorable for carrier transport. 20 Indeed, a DPP-DT-based device of similar configuration had a PCE of 1.67% with a J sc of 7.8 mA/cm 2 . 17a The calculations also support the suggestion that steric hindrance of the methyl groups on the tetramethylbithiophene unit causes the twisted structure of the main chain ( Figure S5 ). 21 These methyl groups were introduced to prevent side reactions at the relatively active C-H bonds at the β positions of the bithiophene moieties. 13a These results clarify the next challenge; high regioselectivity is needed to be developed in the development of direct arylation polycondensations, to enable rational design of π-conjugated polymers.
Conclusions
Direct arylation polycondensation reactions using a simple catalytic system gave eight kinds of bithiophene-based alternating copolymers. Reaction time was an important factor for obtaining high-molecular-weight polymers without the formation of cross-linked structures. This polycondensation reaction gave dye-containing polymers that are applicable as materials for PSCs. To obtain high-performance materials efficiently, further development of this methodology, especially in terms of C-H bond selectivity, is underway.
Experimental Section
Materials. 2,7−dibromo−9,9−dioctylfluorene, Pd(OAc) 2 , K 2 CO 3 , and other chemicals were received from commercial suppliers and used without further purification. Anhydrous DMAc were purchased from Kanto Chemical and used as a dry solvent. PC61BM was purchased from Frontier Carbon Corporation.
PEDOT:PSS (CleviosTM P VP AI 4083) were purchased from Heraeus. 6, 137.2, 137.0, 133.3, 129.2, 128.2, 128.1 127.9, 125.4, 115.7, 51.0, 35.8, 30.7, 28.6, 24.0, 23.1, 14.4 14.1, 14.0, 10 .5.
Synthesis of Polymer 7.
The polycondensation reaction of 2,5−di−
(2−ethylhexyl)−3,6−bis(4−bromophenyl)pyrrolo [3,4−c] 137. 80, 137.5, 137.2, 134.7, 129.2, 129.0, 127.2, 110.0, 45.1, 38.6, 30.4, 28.3, 23.8, 22.9, 14.42, 14.37, 14.0, 10.5 .
Synthesis of Polymer 8.
The polycondensation reaction of (E) −6,6'−dibromo−1,1'−bis(2−hexyldecyl)− [3,3' 1, 134.9, 132.4, 129.8, 129.3, 122.7, 120.7, 108.5, 44.3, 37.8, 30.9, 28.9, 24.2, 23.1, 14.6, 14.5, 14.1, 10.9 .
Photovoltaic Device Fabrication.
A dispersion of PEDOT:PSS in water (Clevios TM P VP AI 4083) was spun cast onto a clean ITO substrate, which was washed with acetone and irradiated under UV light and ozone gas for 20 min to decompose the impurities, and then baked at 200 °C for 10 min. 
